Aggressive behaviors can be altered by several different hormones and neurotransmitters. However, serotonin (5-HT) has been shown to be a primary regulator of aggression (Nelson and Chiavegatto, 2001 ). Regulation of 5-HT over aggressive behaviors has focused on the 5-HT1 receptor subtypes, especially the 5-HT1A and 1B receptors. Previous behavioral analysis of the same hens analyzed here showed that HGPS hens increased in frequency of aggressive pecks and threats following treatment with 5-HT1B antagonist but not after 5-HT1A antagonist. However, DeKalb XL (DXL) hens exhibited an increased frequency of aggressive pecks and threats following treatment with 5-HT1A antagonist but not following 5-HT1B antagonist (Dennis et al., 2008) .
INTRODUCTION
Aggressive behaviors can be altered by several different hormones and neurotransmitters. However, serotonin (5-HT) has been shown to be a primary regulator of aggression (Nelson and Chiavegatto, 2001 ). Regulation of 5-HT over aggressive behaviors has focused on the 5-HT1 receptor subtypes, especially the 5-HT1A and 1B receptors. Previous behavioral analysis of the same hens analyzed here showed that HGPS hens increased in frequency of aggressive pecks and threats following treatment with 5-HT1B antagonist but not after 5-HT1A antagonist. However, DeKalb XL (DXL) hens exhibited an increased frequency of aggressive pecks and threats following treatment with 5-HT1A antagonist but not following 5-HT1B antagonist (Dennis et al., 2008) .
Serotonin 1A and 1B autoreceptors stimulate the reduction of serotonin biosynthesis within the raphe nucleus in the presence of excess serotonin through negative feedback systems. Such self-regulatory systems have been shown to be more or less sensitive based on genetic background or based on the central concentration of serotonin. Serotonin biosynthesis is regulated by numerous factors, including availability of tryptophan hydroxylase, the rate-limiting reagent in 5-HT biosynthesis. Microarray analysis of HGPS (a selected-for high group productivity and survivability line) and DXL (a commercial line) hypothalami revealed increased expression of tryptophan hydroxylase in HGPS hens (Nguyen, 2007) . Elevated tryptophan hydroxylase in the serotonergic projections from the raphe nucleus is indicative of an increased preparedness for serotonin biosynthesis in these hens. In addition, compared with the DXL hens, the HGPS hens had a better rate of lay, feather score, and reduced flightiness and cannibalism (Craig and Muir, 1996a,b) . In addition, HGPS hens were more tolerant of heat and cold stress, as indicated by lower mortality and greater egg production compared with that of the DXL hens following environmental stimulations (Hester et al., 1996) .
The hypothalamus is an essential region for the mediation of behavioral response to stimuli. It is critical in the neural mediation of the endocrine system (Kruk et al., 1998) , and hypothalamic regulation of aggressive behavior has been shown in many species (Roberts and Kiess, 1964; Kotegawa and Tsutsui, 1997) . Electrical stimulation of distinct regions within the hypothalamus has been shown to elicit aggressive behavior in mammals (Gregg and Siegel, 2001; Halasz et al., 2009 ABSTRACT Aggression and cannibalism in laying hens can differ in intensity and degree due to many factors, including genetics. Previous behavioral analysis of 2 strains of White Leghorns, DeKalb XL (DXL) and HGPS (a group-selected line for high group productivity and survivability), revealed high and low aggressive phenotypes, respectively. However, the exact genetic mechanisms mediating aggressiveness are currently unknown. Analysis of serotonin (5-HT) mediation of aggression in subordinate hens of these strains revealed increases in aggression in DXL hens following antagonism of the 5-HT1A receptor and in HGPS hens following antagonism of the 5-HT1B receptor. Here, we investigate the different neurotransmitter response in the hypothalamus and raphe nucleus mediating these aggressive responses to receptor antagonism. Elevated aggressive response to 5-HT1B antagonism by HGPS hens was also accompanied by a decrease in raphe nucleus dopamine (DA) and an increase in DA turnover. Increased aggressiveness in DXL hens did not coincide with a reduction in raphe nucleus 5-HT or turnover (as indicated by 5-hydroxyindoleacetic acid levels) following 5-HT1A antagonism. A reduction in 5-hydroxyindoleacetic acid (but not 5-HT) was seen in HGPS hens treated with 5-HT1A antagonist; however, these hens exhibited no change in aggressive behaviors. Our data show evidence of different heritable mechanisms of neurotransmitter regulation of aggressive response, specifically heritable differences in the interaction between 5-HT and catecholamines in regulating aggression.
Neurotransmission within the hypothalamus, especially through serotonin (5-HT), has been shown to mediate different types of aggressive responsiveness (Nelson and Chiavegatto, 2001 ).
This study was designed to test our hypothesis that selection-induced changes of the serotonergic system play an important role in controlling aggressive behaviors, and that this system is mediated differently in hens from high and low aggressive strains via the 5-HT1A and 1B receptors.
MATERIALS AND METHODS

Genetic Strains and Experimental Hens
The selected strain HGPS was developed at Purdue University (Craig and Muir, 1996a,b; Muir 1996) using a genetic selection program termed group selection that emphasized group productivity and survivability of families housed in colony cages. Chickens were not beak-trimmed and were kept at 12 hens per cage. Cages were illumined at high intensity, which allowed aggressive behavior to be displayed. Group productivity was based on average rate of lay, and longevity was based on average days of survival up to 60 or 72 wk of age. Parental stock was divergently selected on the basis of productivity and survivability measures of each multiple-hen cage; therefore, hens were chosen or rejected for future breeding as a group (Muir, 1996) .
The eleventh selected generation of chickens from the HGPS as well as DXL strains were used in this study. The differences between the selected strains in productivity and survivability (Muir, 1996; Cheng et al., 2001) as well as immunology (Cheng et al., 2001 ) were previously reported. Hens were pair-housed in the laying facility at Purdue Poultry Facility (Indiana). All hens had begun laying before the start of this study. The light schedule was 16L:8D; feed and water were available ad libitum throughout the study. Birds were visually inspected daily and any birds with injuries or appearing ill were removed from the study. In the study, chicken care guidelines were in strict accordance with the rules and regulations set by the Federation of Animal Science Societies (Craig et al., 1999) . Experimental protocols were approved by the institutional Animal Care and Use Committee at Purdue University (protocol 00-008-09).
Drug Administration
At 22 wk of age, hens from each genetic strain (DXL and HGPS) were randomly paired with a hen of the same strain in novel cages allowing 1,000 cm 2 /hen. At 24 wk of age, the least aggressive individual from each pair received a daily i.p. injection of the 5-HT1A antagonist NAN-190 (0.5 mg/kg in 1 mL of saline; Sigma-Aldrich, St Louis, MO; n = 7 per strain), 5-HT1B antagonist GR127935 (0.5 mg/kg in 1 mL of saline; Sigma-Aldrich; n = 7 per strain), or saline vehicle only (control; n = 8 per strain) for 5 consecutive days.
Hypothalamic and Raphe Nuclei HPLC Assay
On the fifth day of treatment, hens were euthanized within 2 h of the final administration of antagonist treatment. Hens' brains were removed immediately following cervical dislocation. The dorsal raphe nucleus (0.00 mm to 0.48 mm × 0.73 mm to 3.48 mm × −1.20 mm to −6.79 mm) and the hypothalamus (0.00 mm to 1.18 mm × 0.75 mm to 4.72 mm × 0.21 mm to 2.85 mm, with the olivocochlear bundle removed) were dissected separately using a stereotaxic atlas (Puelles et al., 2007) and maintained at −80°C until it was prepared for assay by HPLC. Central 5-HT, epinephrine (EP), norepinephrine (NE), DA, and their metabolites [5-hydroxyindoleacetic acid (5-HIAA), 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA)] were measured in duplicate from brain samples. Samples were acidified in duplicate using a 10:1 dilution of 0.2 M perchloric acid. Samples were centrifuged at 13,000 × g for 30 min at 4°C and diluted with 50% mobile phase before being filtered through a 0.2-μg nylon filter. The mobile phase flow rate was 1.2 mL/min, and the concentration of neurotransmitters and metabolites were calculated from a reference curve made using standards. Concentrations were obtained as nanograms per milliliter.
Statistics
Neurotransmitter and metabolite data were analyzed using a mixed model ANOVA. Log-transformation was used for analysis. Data were compared across strains and antagonist treatment. Least squares means and SEM were reported for all groups. Contrasts were used to determine significance using the Bonferroni adjustment to maintain an experimental α of 0.05 (0.10 was considered a trend). Data were analyzed using PROC MIXED of SAS 8.2 software (SAS Institute Inc., Cary, NC) and main effects included genetic strains and antagonist treatment, all interactions between main effects were considered. Original untransformed means are presented in figures.
RESULTS
The HGPS hens had higher hypothalamic levels of NE and EP, compared with those of the DXL hens (P < 0.001; Figures 1 and 2 ). Following treatment with 5HT1A and 5HT1B antagonist, NE and EP levels in the hypothalamus of DXL hens increased to concentrations similar to those seen in HGPS hens (P < 0.008; Figures 1 and 2 ). Although treatment with 5-HT1B antagonist seemingly decreased hypothalamic EP concentration in HGPS hens (P = 0.076; Figure 2 ), treatment with 5-HT1A and 1B antagonist did not alter NE or EP concentrations within the HGPS hens' hypothalami (P = 0.92).
In the raphe nucleus, control HGPS hens had higher levels of DA and reduced HVA (a dopamine metabolite) compared with control DXL hens (P = 0.034 and 0.041, respectively; Figures 3 and 4) . Treatment with 5-HT1A antagonist decreased DA levels in HGPS hen raphe nuclei but did not alter HVA levels (P = 0.046 and 0.32, respectively; Figures 3 and 4) . Antagonism of the 5-HT1B receptor in HGPS hens, however, both decreased DA levels and increased its turnover, as noted by increased HVA levels (P = 0.038 and 0.010, respectively; Figures 3 and 4) . The DXL hens exhibited no change in DA or its metabolites following treatment with either 5-HT1A or 5-HT1B (P = 0.99 and 0.91, respectively; Figures 3 and 4) . No differences were found in central 5-HT levels. The 5-HT metabolite 5-HIAA, an indicator of 5-HT turnover rate, was reduced in the HGPS hens following treatment with 5-HT1A but not with 5-HT1B antagonist (P = 0.037 and 0.92 respectively; Figure 5 ). In DXL hens, neither treatment with 5-HT1A or 5-HT1B antagonist altered raphe nuclei 5HIAA levels compared with those of the control hens (P = 0.62 and 0.89, respectively; Figure 5 ).
DISCUSSION
As previously reported, aggression was increased in HGPS hens following antagonism of 5-HT1B only and in DXL hens following antagonism of 5-HT1A only (Dennis et al., 2008) . Here, we have shown strain-specific alterations in neurotransmission within the hypothalamus and raphe nucleus that coincide with antagonist-induced changes in aggression.
Analysis of neurotransmitter concentrations in control hens revealed different neural phenotypes in DXL and HGPS hens. Highly aggressive DXL hens showed reduced hypothalamic NE and EP concentrations compared with that of the HGPS hens. Reduced hypothalamic reactivity is seen during acute and chronic stress (Roth et al., 1982) . The DXL hens have been described as having an inferior stress coping ability compared with that of the HGPS hens (Cheng et al., 2001; Cheng and Muir, 2007) . Elevated social aggressiveness may be an attribute of poor stress-coping strategies.
In the lateral hypothalamus, NE and EP play a role in mediating feeding behaviors. Inhibition of NE and possibly EP in the hypothalamus following amphetamine injection abolished the anorexic effect of the drug (Leibowitz, 1975) . Maladaptive pecking in hens has been hypothesized to be a misdirected foraging behavior. Heritable differences in neurotransmitter concentrations regulating feeding behaviors may manifest as differences in maladaptive or aggressive pecking behaviors in a production environment. Antagonism of both 5-HT1A and 1B receptors increased the hypothalamic NE and EP concentrations in DXL hens. Serotonin is a vital neurotransmitter involved in the reward pathway of the posterior hypothalamus (Stark et al., 1964) , possibly regulated through alterations of hypothalamic NE and EP. Previous studies have shown that stimulation of the reward pathway can increase aggressiveness or other nonaggressive reward-seeking behaviors. Similarly, DXL hens increased aggressiveness only following 5-HT1A antagonism.
Reward pathways involved in aggression mediation are regulated primarily by interactions between DA and 5-HT. In the raphe nucleus, HGPS hens exhibit greater DA concentrations, but lower DA turnover, as suggested by lower HVA (a metabolite of DA) levels, compared with that of the DXL hens. Neural reward circuitry relies heavily on DA and DA metabolism (Schultz, 1998) . Elevated DA concentrations within the raphe nucleus have been seen in animals during cocaine administration (Parsons and Justice, 1993) . Low DA levels and less dopaminergic activity in DXL hens may indicate a need for more reward-seeking behavior. However, further research is required into the heritable mechanisms of reward in aggression.
The aggression-inducing 5-HT1B antagonism of HGPS hens also decreased the raphe nucleus concentrations of DA while increasing turnover. This pattern is similar to the difference seen between the untreated low aggressive HGPS hens and the high aggressive DXL hens. Serotonin 1B receptors have been implicated in an interaction with dopaminergic pathways in regulating aggressiveness (Bankson and Cunningham, 2001 ). Data are presented as least squares mean 5-HIAA concentration (± SEM). DXL = DeKalb XL hens; HGPS = a group-selected line for high group productivity and survivability. *Significant difference (P < 0.05) from control.
Heritable differences in regulation of the serotonergic system via 5-HT1B presynaptic autoreceptors would mediate this interaction with dopamine differently in the present strains.
Central 5-HT concentrations within the hypothalamus and raphe nucleus were not altered by antagonist treatment. Serotonin turnover, as indicated by 5-HIAA concentrations, was lower in 5-HT1A antagonism-treated HGPS hens. This may appear to be in stark contrast to the 5-HT hypothesis of aggressiveness because a reduction in 5-HIAA in HGPS 5-HT1A-antagonized hens was not accompanied by increased aggression. Heritable differences in the relative expression and density of 5-HT1A autoreceptors can temper the effects of selective antagonism, maintaining behavioral homeostasis in HGPS hens. However, the difference in neurotransmitter responses seen in the present study may also be due to a heritable difference in dose response to the present pharmaceutical agents, although this hypothesis has not been tested. This data emphasizes the importance of more localized differences in neurotransmitter concentration that would be diluted out in measuring an entire brain region.
Our study shows distinct neurotransmitter phenotypes in strains of high and low aggressiveness, with the more aggressive DXL hens having reduced hypothalamic NE and EP concentrations as well as reduced DA in the raphe nucleus. We also show distinctly different neurotransmitter responses to antagonism of the 5-HT1A and 1B receptors at the given doses. Treatment with these receptors generally causes an increase or no effect on catecholamine concentration in DXL hens while decreasing or having no effect on central catecholamine concentrations in HGPS hens. Here, we show strong evidence of heritable differences in the interaction between the serotonergic and catecholaminergic systems in regulating aggressive behavior. Our data show a strong heritable component in the mediation of social aggressiveness, which may be predictable by aggressive phenotype. Our results point to physiological indicators of aggressiveness, such as central catecholamine concentration or response to pharmaceutical challenge, which could be selected against to maintain reduced aggressiveness and improve animal well-being.
